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Baddeleyite (monoclinic ZrO2) was first described by Fletcher (1893) and named after Joseph Baddeley, a tea tycoon, who discovered it in 1892 near the small town of Rakwana on Sri Lanka.  Trace amounts of this uncommon uraniferous accessory mineral have since been reported in a variety of crystalline and hyaline rock types, including lunar basalts (Agrell et al. 1970; Keil et al. 1971), meteorites (Floran et al. 1978;  Krot et al. 1993), tektites (Clarke & Wosinski 1967; Glass et al. 1990), carbonatites (Williams 1993; Amelin & Zaitsev 2002), kimberlites (Page et al. 2007), meta-carbonates (Purtscheller & Tessadri 1985), granulites (Bingen et al. 2001), dolerites (Wahlgren et al. 1996)  and gabbros (French et al. 2002). 
Globally there are less than 200 terrestrial occurrences of baddeleyite in its primary form (Figure 1). Within the UK, its only known occurrences are in a layered mafic-ultramafic complex on Rhum (Williams 1978); in a Scourian picrite dyke in the northwest  Highlands (Heaman & Tarney 1989); and in the contact metamorphic aureole associated with the Ballachulish Igneous Complex (Fraser et al. 2004). 
Although Dunning and Hodych (1991) state that baddeleyite has never been recorded as a detrital mineral, there are previously accepted occurrences of baddeleyite in sediment and soil. For example, the mineral occurs in coarse gravels of the gem districts of Sri Lanka (Fletcher 1893; Blake & Herbert-Smith 1907), in diamond sands from Rio Verdinho, Brazil and in the gold washings at Kilo, Democratic Republic of the Congo (Palache et al. 1944). Baddeleyite is also reported in terra rossa soils overlying a carbonatite complex in Uganda, along with the closely related oxide calzirtite (CaTiZr3O9) (Baldock 1968).  More recently, baddeleyite has been recorded within the sands of the Red River, Vietnam (Bodet & Scharer, 2000) and in ferromanganese nodules from the Central Indian Ocean (Nayak et al. 2011). However, to date it appears that there has been no previous recording of baddeleyite as a detrital mineral contained within a sedimentary rock.
In the most chemically fractionated portions of mafic magmas, baddeleyite is a late-stage crystallisation product in conjunction with apatite, ilmenite, zircon and zirconolite, and occurs as wafer-thin bladed, euhedral crystals and as blebs in association with complex Fe-Ti oxide grains (Heaman & LeCheminant, 1993).
Baddeleyite is also known to occur in other far less common geological environments. During meteorite impacts it forms from the dissociation of zircon at extremely high temperatures (El Gorsey 1965). In tektites, it forms rounded and elongate blebs within glass inclusions (Glass et al. 1990). Within kimberlites, it is seen as a reaction rim with the baddeleyite needles perpendicular to zircon grains, the baddeleyite forming as a result of metasomatism, by desilicification of zircon mantle xenocrysts (Kresten 1974). Ferry (1996) suggested that baddeleyite forms from the breakdown of zircons during contact metamorphism of dolomites. In granulites, baddeleyite crystals are found at the margins of ilmenite grains and occasionally as rounded inclusions within them, and are believed to be an exsolution product from magmatic ilmenite (Bingen et al. 2001). Finally, baddeleyite mantle xenocrysts are found in carbonatite magmas (Eriksson 1984; French et al. 2002). A summary of the grain sizes associated with various rock types is given in Table 1 and it may be seen that in most instances the mineral occurs as silt -size grains (2 - 60µm) in mafic and ultramafic rocks.

Method
	Baddeleyite was found unexpectedly while studying the mineralogy of Triassic mudstones of the Central North Sea. The samples of interest come from Well 20/25-1 (Figure 2). The well is approximately 130 km offshore of Aberdeen. The particular core sample in which the mineral occurs was taken from a depth of 5448 ft (1660.55 m) MD (measured depth) within a sequence of interbedded siltstones from the Smith Bank Formation (Figure 3). A double polished thin section, coated with approximately 20nm to 25nm of carbon, was made in order to examine in detail the mineralogy and microtextures of the siltstone using scanning electron microscopy (SEM).  SEM model ISI-ABT55 was employed, using both back scatter electron (BSE) imaging to determine and quantify the presence of heavy minerals, and energy dispersive spectra (EDS) on individual grains for elemental analysis and mineral identification (sensu Totten & Hanan, 2007). Due to the fine grained nature of the sample it was not possible to obtain any optical petrographic data. 

Geological Setting
Baddeleyite was found in siltstones of the Smith Bank Formation which is early Triassic in age. The Smith Bank Formation consists of fine grained, and virtually biostratigraphically barren, mudstones that have been previously described as monotonous (Deegan & Scull, 1977; Lervik et al. 1989; Cameron 1993). It is overlain by the Mid to Late Triassic Skagerrak Formation, which comprises three sandstone members (Judy, Joanne and Josephine) intercalated with three mudstone members (Julius, Jonathan and Joshua). 
During the Permian, the area that was later to become the Central North Sea formed a gently undulating, featureless, frequently evaporitic, basin (Figure 2). At the onset of the early Triassic, continental clastic sedimentation coincided with an increase in precipitation and the area became part of a south easterly flowing ephemeral fluvial system in which sediment was believed to be sourced from Fennoscandia, Greenland and the Scottish Highlands (Steel & Ryseth 1990; McKie & Audretsch 2005; McKie & Williams 2009).
 
Results 
The siltstone sample mainly comprises coarse angular silt-sized grains of detrital quartz, feldspar, muscovite and biotite, with occasional heavy minerals including zircon, Fe-Ti oxides and ilmenite. Two baddeleyite grains, ~4µm in size, were detected by their high BSE luminosities at the margin of quartz grains in the siltstone sample (Figure 4). These grains yielded energy dispersive (ED) spectra consisting only of a Zr signal and with no indication of an accompanying Si peak. Euhedral crystals of zircon were also observed and, as expected, here the mineral yielded a spectrum where the Si signal is clearly apparent (Figure 5). Baddeleyite is the only possible mineral that would yield an ED spectrum comprising only Zr. Other possible Zr-bearing minerals contain other elements (Milnes & Fitzpatrick 1989), so in this instance the ED spectrum is diagnostic.

Discussion 
Keil and Fricker (1974) suggested that even in its primary crystalline form within igneous and metamorphic rocks, baddeleyite is likely to be overlooked because of its small size. Typically, baddeleyite has a crystal size of less than 30 µm (Table 1; Söderlund and Johansson, 2002), so that detrital baddeleyite grains are likely to be undetected by standard heavy mineral analysis techniques that focus on sand-size particles (Mange & Maurer 1992; Morton 2012). Small grains of zircon can potentially be confused with baddeleyite as both minerals are Zr-rich and have similar refractive indices (~2.19 and ~1.96, respectively) and low birefringence, although baddeleyite is pleochroic (Anthony et al. 1985).  However, because of the tiny grain-size of baddeleyite detected in this study, their optical properties were not amenable to differentiating the two minerals. The presence of baddeleyite was not noted, or expected, during thin section analysis and we believe this mineral can be easily overlooked during petrographic examination. 
Paragenesis of the baddeleyite grains is unclear, partly because resolution of their morphology is limited by their very small size (Figure 4). Given their refractory origin and the high ionic radius of Zr and its resultant low solubility and mobility in aqueous solutions (Milnes & Fitzpatrick 1989; Preston et al. 1998), we assume that the grains are unlikely to be authigenic, or to have been significantly modified during burial diagenesis; broadly similar to most zircon in sedimentary strata. The angular habit of the baddeleyite (Figure 4b, c) is suggestive of minor abrasion in a sedimentary environment which, as baddeleyite is less hard (hardness = 6.5) than quartz (h = 7) and zircon (7.5), is likely. Baddeleyite has similar hardness as plagioclase feldspar (h = 6/6.5) with which it is associated as an inclusion mineral (Siivola 1977; Scoates & Chamberlain, 1995).   Degradation of sand-sized plagioclase feldspar grains during transport and sedimentation and release of baddeleyite inclusions into the micro-granular mix is a possible origin for the baddeleyite grains. 
Given the “monotony” assigned to the Smith Bank Formation (Deegan & Scull, 1977; Lervik et al. 1989; Cameron 1993), largely a function of its fine grain size and the scarcity of fossils, the occurrence of an unusual heavy mineral such as baddeleyite may highlight the potential for applying mineral-chemical stratigraphy (Hurst & Morton, 2014) to the Smith Bank Formation and other monotonous fine-grained strata.  In the Central North Sea Triassic, where there is a lack of regionally-recognisable seismic markers to facilitate lithostratigraphic correlation, further investigation of the heavy mineralogy of siltstones may reveal data of lithostratigraphic significance. Further work is continuing with this end in mind.

Conclusion
Detrital baddeleyite has been identified within an early Triassic siltstone of the Central North Sea using back scatter electron imaging and energy-dispersive x-ray analysis. This is believed to be its first recorded instance within a clastic sedimentary rock. 
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Table 1.  Rock types in which baddeleyite is found, and likely grain size.

Figure 1. Global occurrence of baddeleyite. Source www.mindat.org, this paper and all references therein.

Figure 2. Well location, within the context of the supercontinent Pangea during latest Permian, earliest Triassic. 

Figure 3. Sedimentary log for Well 20/25-1, illustrating sample location.

Figure 4. Scanning electron micrographs of baddeleyite in Smith Bank Formation siltstone. a) Low resolution  back scattered electron (BSE) image showing the location of the two baddeleyite  grains ZrO2-1 and ZrO2-2 (encircled in green). b) High resolution BSE image of ZrO2-1 as seen in (a) showing the high atomic contrast of the baddeleyite compared with the surrounding minerals. The dark bleb in the central portion of the mineral is a carbon build up caused by the technique and machine used. c) High resolution BSE image of ZrO2-2 as seen in (a).





	Rock Type	Grain Size (µm)	Literature Source
	Meteorites	<1	Lundberg et al., 1988
	Tektites	<1	El Gorsey, 1965
	Kimberlites	<5	Scatena Wachel & Jones, 1984
	Lunar Basalts	<20	Heaman & Le Cheminant, 1993
	Meta Carbonates	<30	Purtscheller & Tessadri, 1985
	Granulites	<30	Bingen et al., 2001
	Gabbros	<50	Bayanova, 2006
	Dolerites	<100	Wingate, 1999
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